Synechocystis sp. strain PCC6308 cells were starved for nitrogen for 5 days. The polypeptide compositions of whole cell extracts and washed membranes of nitrogen-replete and nitrogen-starved cells were compared by one-and two-dimensional electrophoresis. Immunoblotting of one-dimensional gels indicated that pelletable ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) was depleted in cells starved for nitrogen, while levels of soluble Rubisco were comparable in nitrogenstarved and nitrogen-replete cells. This is consistent with the hypothesis that pelletable Rubisco may serve as a nitrogen reserve in Synechocystis 6308. Other polypeptides were differentially enriched in the membrane or soluble fractions of nitrogenreplete cells or nitrogen-starved cells, suggesting nitrogen starvation may alter partitioning of polypeptides into soluble and membrane fractions. Degradation of abundant polypeptides during nitrogen starvation appeared to cause an effective magnification of less abundant polypeptides in the molecular mass range of 20 to 40 kilodaltons, as shown by two-dimensional electrophoresis. A 42-kilodalton thylakoid carotenoid protein identified by immunoblotting was conserved in membranes from nitrogenstarved cells. This may be functional for cells depleted of pigment and thus exposed to higher light levels because of decreased self-shading.
Nitrogen starvation of the cyanobacterium Synechocystis sp. strain 6308 typically causes the degradation of cyanophycin, phycobiliproteins and chlorophyll (4) , with associated changes in the composition of the PBsomes3 and in the degree ofinteraction ofPBsome polypeptides with other polypeptides (10) . Nitrogen starvation may also lead to degradation of another major cellular polypeptide, Rubisco monly observed in eucaryotic algae and higher plants (6, 11, 15) , reports conflict as to the effects of nitrogen starvation on carboxysomes (20, 27, 29, 30) , cyanobacterial cell inclusions composed largely of Rubisco (3) .
Studies using one-dimensional SDS-PAGE have not shown synthesis of new polypeptides induced by nitrogen starvation of cyanobacteria (e.g. ref. 12 ). However, high resolution twodimensional gel electrophoresis, which can resolve approximately 10 times as many polypeptides as conventional SDS-PAGE, has been used to identify heat shock proteins in the cyanobacterium Synechococcus 6301 (7) and to detect polypeptides induced by carbon, nitrogen, and phosphorus starvation in Escherichia coli (13) . A preliminary study (9) suggested that two-dimensional gel electrophoresis in conjunction with subcellular fractionation and protein identification techniques might be useful tools in elucidating changes in polypeptide composition induced by nitrogen starvation of Synechocystis 6308.
The intent of this research was to characterize the polypeptide composition of whole cell, membrane, and soluble extracts of nitrogen-replete and nitrogen-starved Synechocystis strain 6308. Nitrogen-starved cells showed losses of Chl and phycobiliprotein, but a 42 kD carotenoid thylakoid protein was conserved. Soluble Rubisco relative to total protein was unaffected by nitrogen starvation, but pelletable Rubisco disappeared. Degradation of abundant polypeptides during nitrogen starvation appeared to cause an effective magnification of less abundant polypeptides visualized by silver staining of two-dimensional gels, such that the number of polypeptides detected in whole cell extracts increased by one-third, primarily in the molecular mass range of 20 to 40 kD.
MATERIALS AND METHODS Culture Conditions
The unicellular cyanobacterium Synechocystis sp. strain PCC6308 (ATCC 27150) was grown in BG-11 medium (1) supplemented with 2.4 g of Na2CO3 per L at 35°C under cool white fluorescent bulbs at 100 jiE/m2 per s in Roux flasks bubbled with 5% CO2 in air. Growth rates were routinely monitored by A75o readings on a Gilford spectrophotometer. at 10,4 1Og for 15 min. The pellet was washed three times in BG-11 lacking N (-N BG-l 1), suspended in 10 mL -N BG-11, and added to a fresh flask of -N medium. Cells were allowed to starve for 5 d, during which time they increased to an A750 of 6.0, turning yellow-green as phycobiliproteins were depleted.
Membrane Preparation
Nitrogen-starved or exponential phase, nitrogen-replete cells were harvested by centrifugation as above. The cell pellet was suspended in 10 mL extraction buffer (10 mM Tricine and 150 mm NaCl, pH 7.5) (8) and the protease inhibitors PMSF, benzamidine, and a-amino-caproic acid were added to final concentrations of 1 mM. Suspended cells were broken in a French pressure cell at 1406 kg/cm2. The extract was centrifuged at 11,950g for 10 min to remove cellular debris and the resulting supernatant was centrifuged at 1 30,000g for 2 h. The supernatant was removed, labeled soluble protein extract, and frozen at -70°C. The pellet was suspended in extraction buffer and centrifuged twice more as described above. The final pellet was suspended in 1 to 2 mL extraction buffer and prepared for one-or two-dimensional electrophoresis as described below.
SDS-PAGE
SDS-PAGE was carried out using the discontinuous buffer system of Laemmli (14) . Whole cell extracts or membranes suspended in extraction buffer were mixed 1:1 with 2x electrophoresis buffer (14) and assayed for protein, after precipitation with sodium deoxycholate and TCA, by the improved Lowry technique of Peterson (25) . Soluble protein extract was concentrated for SDS-PAGE by precipitation with 10% (w/ v) TCA followed by washing with 80% (v/v) ethanol and then with ether. The pellet was suspended in electrophoresis buffer (14) and the protein concentration determined as above. Samples in electrophoresis buffer were solubilized at room temperature for 30 min and applied to a 12% resolving gel with a 5% stacking gel. Gels were run at room temperature approximately 4 h at 30 mA and either stained with silver or transferred to nitrocellulose paper as described below.
Two-Dimensional Gel Electrophoresis
Solid urea was added to a final concentration of 9.0 M to samples in extraction buffer, which were then mixed 1:1 with lysis buffer (23) . IEF gels (pH 3-10, 1.5 mm diameter) were loaded with 40 to 120 ,uL sample containing 180 ug protein and run 18 h at 300 V and 1.5 h at 400 V. IEF gels were then equilibrated in SDS sample buffer (23) 30 min, frozen in a dry ice-ethanol bath, and stored at -70°C. For the second dimension, IEF gels were thawed, equilibrated 30 min in fresh SDS buffer, fixed to SDS-PAGE gels with agarose (1% w/v in SDS sample buffer), and subjected to SDS-PAGE as described above. Gels were then stained with silver or transferred to nitrocellulose paper as described below. Stained gels were photographed and polypeptide patterns were traced onto transparencies overlaid on 8 x 10 in prints. Spots were numbered from acidic to basic (right to left) and from high mol wt to low mol wt, overlaying transparencies to compare relative positions of spots. Polypeptides were numbered following a master list created in a preliminary study (9) . Polypeptides were considered present in a given preparation if they were identified in at least two gels of that preparation. Polypeptides were considered exclusive to one preparation if they were present in at least two gels of that preparation but in no gels of other preparations. Polypeptides were considered enriched in a preparation if they stained more intensely in at least two gels of that preparation than in gels of other preparations.
Silver Staining and Immunoblotting
Gels to be silver stained were fixed overnight in 50% methanol (v/v) containing 0.1% (v/v) formaldehyde and stained according to Morrissey (21) , with the AgNO3 concentration changed to 0.4%. Total protein in gels transferred to nitrocellulose was visualized by staining with 0.1% amido black (28) . Silver and amido black staining showed similar, but not identical, patterns of differences among extracts.
Protein was transferred to nitrocellulose paper from oneor two-dimensional gels using the buffer system of Towbin et aL (28) . One-dimensional gels were typically run with prestained standards (Bio-Rad) as a check on transfer efficiency. Following transfer, the nitrocellulose was rinsed twice in deionized water and dried in the dark between filter papers.
The large subunit of Rubisco and a 42 kD thylakoid carotenoprotein were identified by immunoblotting. IgG purified from Ab to the large subunit of Rubisco of Nostoc sp. was a gift from Dr. J. Meeks. Ab to a 42 kD thylakoid carotenoprotein from Anacystis nidulans R2 was a gift from Drs. L. Sherman and G. Bullerjahn. Binding sites were blocked with 3% (w/v) gelatin in Tris-buffered saline and probed with Ab diluted 1500 to 5000x in 1% (w/v) gelatin. Proteins were visualized by using an Immunoblot assay kit (Bio-Rad). Blots were rinsed in deionized water and dried before photography. Staining intensity of immunoblots was measured on an LKB Ultroscan XL enhanced laser densitometer.
RESULTS

One-Dimensional SDS-PAGE Gels
The primary effects of nitrogen starvation on Synechocystis sp. strain 6308 were depletion of pigmented proteins and pelletable Rubisco. Three Chl-containing polypeptides of apparent molecular mass >100 kD ( Fig. 1 , lanes 3 and 4, bands 1-3), which were green in unstained gels, were enriched in the membrane fraction of both nitrogen-replete and nitrogenstarved cells. However, they were depleted in the membranes from nitrogen-starved cells when compared with membranes of nitrogen-replete cells (Fig. 1, lanes 3 and 4) . Chl-containing polypeptides could not be distinguished after transfer to nitrocellulose.
Polypeptides with molecular mass of 19. (Fig. 3) . The staining intensity, measured by densitometry, of Rubisco in the nitrogen-replete whole cell extract, was 0.050 A units x mm2 (AU.mm2) (Fig. 3, lane 1) . This was 1.5 times the staining intensity of the nitrogen-starved whole cell extract, 0.034 AU -mm2 (Fig. 3, lane 2) . Rubisco staining intensity of the nitrogen-replete membrane fraction was 0.024 AU mm2 (Fig. 3, lane 3) compared to no detectable staining in the nitrogen-starved membrane fraction (Fig. 3, lane 4) . Rubisco staining intensities of the soluble fractions were similar at 0.019 and 0.023 AU mm2 in the nitrogen-replete and nitrogen-starved cell extracts, respectively (Fig. 3, lanes 5 A 34 kD polypeptide (band 6) was enriched in whole cell and membrane extracts of nitrogen-replete cells compared to nitrogen-starved cells and was enriched in the membrane fraction compared to whole cell extracts (Fig. 2, lanes 1-4 , and intense negative silver staining in Fig. 1, lanes 1-4) . A polypeptide corresponding to band 6 was not obvious in ::> soluble extracts (Fig. 1, lanes 5 and 6) (Fig. 2) . Comparable differences were not observed with silver staining (Fig. 1 ). An intensely silver-stained polypeptide of molecular mass less than 14 kD (band 13) was observed in soluble fractions of nitrogen replete cells (Fig. 1) .
Two-Dimensional Gels
Results of two-dimensional gels are summarized in Table I and Figure 4 . About a third more polypeptides were visualized in whole cell extracts of nitrogen-starved than of nitrogenreplete cells (Table I, Fig. 4, A and B (17) was enriched in membrane extracts of nitrogen-starved relative to nitrogen-replete cells (Fig. 6, A (Fig. 4C) reacted with antibody to the large subunit of Nostoc sp. Rubisco in whole cell extracts of both nitrogen-replete and nitrogen-starved cells (Fig. 6, C and D) . Polypeptides in the same positions were present in silver-stained gels of whole cell extracts from both nitrogen-replete and nitrogen-starved cells (Fig. 4, A and B ), but were not consistently observed in membrane extracts from nitrogen-starved cells. The presence of two spots rather than one was probably an artifact generated by IEF (23).
DISCUSSION
Nitrogen starvation or growth in high light typically leads to the breakdown of Chl and phycobiliproteins in both cyanobacteria and eukaryotic red algae (4, 5, 15, 16, 29) . In contrast, carotenoids are conserved under these conditions. Nitrogen deficient Anacystis nidulans cells contain normal levels of Chl and carotenoid even though phycocyanin is undetectable (5). A similar conservation of carotenoid occurs in A. nidulans grown at low (100 ft-c) versus high (1000 ft-c) light. Chl and phycocyanin decreased by 30% in cells grown at the higher light intensity while carotenoid decreased by only 15% (2) . Carotenoid content in Anabaena variabilis increased relative to other pigments during photobleaching, even though all pigments declined on an absolute basis, in nitrogen-replete cells (22) . Carotenoids are also less sensitive than Chl and phycocyanin to light and nitrogen supply variation in Oscillatoria agardhii (16 Total, number of reproducible polypeptides in the particular preparation; shared, number of polypeptides present in two gels of the particular preparation, without regard to relative intensity; exclusive, present in two gels of the particular preparation but in no gels of any other preparation. (29) . There was no effect of nitrogen starvation on carboxysomes of Synechococcus 6301 (30) , Agmenellum quadruplicatum (27) , or Chloroglea fritschii (24) . CO2 starvation of Synechococcus lividus had no effect on the number of carboxysomes (20) . The above investigators did not assay the soluble Rubisco fraction.
Nitrogen starvation of Synechocystis 6308 led to the disappearance of pelletable Rubisco (Fig. 3) ( 19) .
Although protein synthesis was not examined directly in the present study, immunoblotting (Fig. 6 ) and two-dimensional gel electrophoresis (Fig. 4) demonstrated the conservation of a number of polypeptides in nitrogen-starved cells. A total of 14 polypeptides was found exclusively in preparations from nitrogen-starved cells (Table I) . One-dimensional SDS-PAGE also showed conservation of polypeptides of molecular mass 22.3, 21.5, and 15 kD in nitrogen-starved cells (Fig. 2) (Fig. 1) . If the changes observed are due to a single polypeptide, and not to several polypeptides of identical molecular mass but different isoelectric point, it may be that the strength of interaction of the 63.5 kD polypeptide with membranes decreases with nitrogen starvation. Similar changes occur in the strength of interaction between PBsome and other polypeptides in nitrogen-starved Synechocystis 6308, where several non-PBsome polypeptides are coisolated with PBsomes from nitrogen-starved cells (10) .
One-and two-dimensional electrophoresis of extracts of Synechocystis strain 6308 starved for nitrogen showed not only changes in the relative amounts of specific proteins and their association with soluble and membrane fractions, but also changes in the relative abundance of polypeptides of particular molecular mass ranges. Nitrogen starvation led to degradation of Chl-protein complexes of molecular mass >100 kD (Fig. 1) , pelletable Rubisco of molecular mass 55 kD (Fig. 3) , and phycobiliproteins of 16 to 20 kD (Figs. 1, 2 , and 4). As a result, less abundant polypeptides of molecular mass 20 to 40 kD increased in relative abundance since the same total protein was loaded on each gel (Fig. 1, lanes 1, 2 , 5, and 6; Fig. 4B ). These data are not inconsistent with the hypothesis that synthesis of certain polypeptides may be induced by nitrogen starvation. However, polypeptides of this molecular mass range were present in nitrogen-replete cells (Fig. 6) , and Green and Grossman (12) found no evidence for nitrogen starvation-induced polypeptide synthesis in A. nidulans R2. Nitrogen starvation may have simply magnified those polypeptides which were conserved. Nitrogen starvation may therefore be a useful tool to study the metabolism of proteins present only in small amounts in cyanobacteria.
Studies of nutrient deprivation in microorganisms typically focus on changes in rates of polypeptide synthesis and consequent changes in polypeptide composition. The observations on Synechocystis 6308 reported here and in Duke et al. (10) indicate that nutrient deprivation can have equally dramatic effects on the intracellular distribution and interactions of polypeptides. The functional significance of such effects remains to be investigated.
